Background: As obesity has increased worldwide, so have levels of obesity during pregnancy and excess gestational weight gain (GWG). The aim of this paper was to describe GWG among American Samoan women and examine the association between GWG and four adverse pregnancy and infant outcomes: cesarean delivery, small-and large-for-gestational age (SGA/LGA), and infant overweight/obesity.
Background
As obesity has increased worldwide, so have levels of obesity during pregnancy and excess gestational weight gain (GWG) [1] [2] [3] . Excess GWG is associated with numerous adverse outcomes, including gestational diabetes mellitus (GDM), preeclampsia, early pregnancy loss, and post-partum weight retention [4, 5] . Pre-pregnancy obesity is independently and additively associated with the same outcomes [6] . Additionally, there are long-term implications of high pre-pregnancy body mass index (BMI) and excess GWG for offspring overweight and associated metabolic disorders [7, 8] .
Contemporary Pacific Islanders have high BMI levels as a result of modernization and nutrition transition [9] . In American Samoa obesity is strikingly prevalent. Among women of childbearing age (18-44 years), 71% are obese according to Polynesian-specific BMI cutoffs (BMI ≥32 kg/m 2 ), with a further 19% overweight (BMI 26-31.9 kg/m 2 ) [10, 11] . However, little is known about GWG among Samoan women and its impact on pregnancy and infant outcomes [12] . This paper describes GWG among American Samoan women and its association with maternal sociodemographic characteristics. Among a sub-sample of women, we document pregnancy obesity and the proportion of women exceeding the Institute of Medicine (IOM) GWG guidelines [3] . Additionally, this paper will examine the association between GWG and four adverse outcomes (c-section, small-and large-for gestational age (SGA/LGA), and offspring overweight/obesity at 12 months of age), observing differential effects of second and third trimester weight gain on these outcomes.
Methods

Setting
American Samoa lies~2,400 miles southwest of Hawaii and~1,800 miles northeast of New Zealand. Of the population of 54,517, 92% are native Samoans who are recognized as US nationals [13] . With a gross domestic product of $8,000 (2012) American Samoa is classified as an upper-middle income country [14] although, relative to US standards, more than half of families have incomes below the poverty line [15] . Prenatal care is delivered predominantly at the Lyndon B Johnson Tropical Medical Center (LBJTMC), the only full service hospital, where 97% of the~1300 births each year occur.
Data
Data were extracted during a review of LBJTMC prenatal care records from 2001-2008. Of the 1036 records available for review, 632 (61%) were included in these analyses based on women being Samoan, having singleton, term pregnancies (37-42 weeks gestation), and weight measurements during pregnancy ( Figure 1 ). There were no socio-demographic differences (age, marital status, education) between those included and excluded from the analyses based on these criteria.
Records were reviewed to determine weight and week of gestation at each prenatal visit. While weight is a standard prenatal care measure in American Samoa, height is not, therefore height (and consequently BMI) was only available for 31.6% of the sample (n = 200). There were no socio-demographic differences between women with height measurements and the larger sample; there were also no differences in early pregnancy weight (13 weeks), total GWG or prevalence of adverse study outcomes. Women for whom BMI was calculated were classified using Polynesian-specific cut-offs for overweight (BMI ≥26 kg/m 2 ) and obesity (BMI ≥32 kg/m 2 ). These Polynesian-specific cutoffs, derived from gold standard body composition assessments, were designed to identify the cut-points of percent body fat in this population which correspond to the WHO standards of BMI 25 and 30 kg/m 2 [10] .
As pre-pregnancy weight was not recorded in the prenatal records, BMI was calculated at 13 weeks and is therefore referred to as "early pregnancy BMI". Using this early pregnancy BMI, women were classified as gaining under, within, or over the IOM guidelines. The IOM recommend normal weight women gain 11.4-15.9 kg, overweight women 6.8-11.4 kg, and obese women 5.0-9.1 kg [3] .
Mode of delivery, infant birthweight, number of prenatal care visits and socio-demographic characteristics of the participants (Table 1) were also recorded. Infants were classified at birth as SGA (<10th percentile), appropriate-for-gestational age (AGA), or LGA (>90th percentile) based upon the CDC 2000 US growth references (there are no Polynesian-specific references for infant size) [16] .
Of the 632 mother-infant dyads whose prenatal care/ birth data were included in this analysis, 517 infants were included in a prior analysis of infant growth patterns [17] . Therefore, we were able to examine the association of GWG with infant weight status at 12 months in these 517 infants (normal weight [<85th weight-for-length percentile], overweight/obese [≥85th percentile]) [16] .
Data collection was approved by the institutional review boards at Brown University, the American Samoa Department of Health, and the LBJTMC Privacy Office.
Modeling gestational weight gain
A mixed-effects growth model was applied to serial maternal weight data from 13 to 42 weeks of gestation to produce individual weight-for-gestational week curves using xtmixed in Stata 12.0 (StataCorp. 2011. College Station, TX). Data before 13 weeks gestation (n = 78 observations from 57 pregnancies) were too sparse to include. There were 4175 weight measurements included in the model (mean = 6.6 per woman) over an average period of 12.6 weeks. Change in weight was modeled as a restricted cubic regression spline of age, specifying five knots at equally spaced quantiles of the gestational week distribution. The intercept and all four gestational week terms were allowed to have random (as well as fixed) effects, an unstructured variance-covariance matrix was specified, and the model was estimated using maximum likelihood. After fitting the model once, observations with residuals >1.5 kg or <1.5 kg (n = 114 from 83 women) were removed on the assumption that they included large measurement error, and the model was fitted a second time. The final model provided an excellent fit for the data as assessed by the residual standard deviation (0.66 kg) and Bayesian information criterion (16133). The model was used to estimate weight at 13, 28, and 40 weeks for each individual, and these estimates used in secondary analyses.
Statistical analysis
Independent samples t-tests, ANOVA, and Chi-squared (X 2 ) tests were used to examine differences in GWG according to maternal socio-demographic characteristics and the study outcomes.
Stepwise binary logistic regression was used to examine the association between GWG and the outcomes of interest. Gestational weight gain, maternal age and parity, and estimated maternal weight at 13 weeks gestation were included in each of the regression models. The infant overweight/obesity model also included infant birth weight. To explore whether weight gained in the second trimester (13-28 weeks) had a differential effect on study outcomes compared to weight gained in the third trimester (28-40 weeks) we used conditional weight gain variables to deal with the tendency of second and third trimester weight gain to be highly correlated in the same individual (r = 0.524, p < 0.001 in our study sample). The conditional variables for each trimester represent standardized residuals from regressions of weight at one time point on weight at all previous time points (i.e. weight at 28 weeks on weight at 13 weeks). By design, these conditional variables are uncorrelated with each other (and were also uncorrelated with weight at age 13 weeks) and therefore can be included in a single multivariable model without causing variance inflation.
Interactions between the GWG variables and early pregnancy weight were explored in each model. For ease of interpretation, beta values from the models are presented per standard deviation change in the predictor. Sensitivity analyses were conducted in the sub-sample for whom height was available, replacing early pregnancy weight with early pregnancy BMI. Statistical analyses were undertaken using SPSS version 18.0 (SPSS Inc., Illinois, USA) and SAS version 9.3 (SAS Institute Inc., Cary, NC, USA).
Results
Sample characteristics
Mean GWG between 13 and 40 weeks was 14.67 ± 5.29 kgs (13-28 weeks: 7.85 ± 3.12; 28-40 weeks: 6.78 ± 2.94). GWG was significantly lower in older, more parous women, with age and parity strongly related (r = 0.629, p < 0.001) ( Table 1) . Married women gained less weight between 13 and 40 weeks than single women, although this likely reflects associations between marital status, age, and parity.
Among the sub-sample for whom we were able to calculate early pregnancy BMI the majority were overweight/ obese (86%) at 13 weeks ( Table 2 ). Mean early pregnancy BMI was 31.6 kg/m 2 (range: 17.33 to 58.04 kg/m 2 ). The vast majority of women (78%) exceeded IOM guidelines for GWG. GWG did not significantly differ according to early pregnancy BMI (F = 0.67, p = 0.52), resulting in significantly more overweight and obese women exceeding the guidelines compared to normal weight (χ 2 = 21.08, p < 0.001) (based on their lower GWG goals).
In fully adjusted logistic regression models, greater GWG in the second trimester and early pregnancy weight were independently associated with increased odds of a c-section (OR 1.40 [95% CI: 1.08, 1.83]) and OR 1.51 [95% CI: 1.17, 1.95], respectively; ORs per SD change in the predictor). There was a significant interaction between second trimester (13-28 week) GWG and early pregnancy weight, with a multiplicative effect on the outcome (data not shown). There was an interaction of a similar magnitude between third trimester GWG and early pregnancy weight, although there was no interaction between GWG in each of the trimesters ( Table 3) . Risk of delivering a LGA infant increased with greater third trimester weight gain and higher early pregnancy weight. There were no significant interactions between early pregnancy weight and GWG in either trimester. Only second trimester GWG independently predicted SGA risk with 40% less risk per SD increase in GWG. Again, there were no significant interactions between GWG and early pregnancy weight, although there was a significant interaction between GWG in the second and third trimester; poor weight gain in both trimesters multiplied SGA risk ( Table 4 and 5). GWG was not associated with risk of infant overweight/ obesity at 12 months. Risk of infant overweight/obesity increased with early pregnancy weight (OR: 1.23 [95% CI: 1.01, 1.51) and infant birthweight (88% greater risk per 475.23 g (1SD) increase in birthweight). There were no significant interactions between GWG and early pregnancy weight ( Table 6 ).
In sensitivity analyses, logistic regressions were repeated in the sub-sample for whom height was available (n = 200) and early pregnancy weight replaced with early pregnancy BMI. Some associations were attenuated by the reduced sample size but the ORs retained their direction and magnitude (data not shown). We also examined whether adherence to IOM guidelines was associated with study outcomes and detected no difference in the risk for any of the outcomes according to adherence to the IOM guidelines.
Discussion
This paper is the first to describe GWG among women in American Samoa, an important population to examine given the extremely high population prevalence of obesity. Furthermore, we used an advanced technique to model non-consistently collected pregnancy weight data, allowing us to examine the differential associations of second and third trimester weight gain with risk of c-section, size-for-gestational age of the infant, and offspring overweight/obesity at 12 months of age. There were high levels of early pregnancy overweight and obesity (86% combined [Polynesian BMI cut-offs]; 52% obese) among the study sample and the vast majority of women (78%) exceeded the current IOM guidelines for GWG. It should be noted, however, that because these data were collected prior to the publication of the 2009 guidelines, obese women in particular may have been counselled to gain a different amount of weight than is currently recommended.
The absolute magnitude of weight gain reported here is similar to that reported across other populations [18] [19] [20] ; however, we were restricted to describing weight gained between 13 and 40 weeks rather than considering pre-pregnancy weight. As a result, 78% of women exceeding IOM guidelines may be a conservative estimate. Evidence from a multi-ethnic US cohort suggested that first trimester weight gain is minimal (1-4 lbs) [21] but this may not be the case in a population with such propensity for obesity and excessive GWG. Further research is needed to determine the magnitude of first trimester weight gain and its association with maternal and infant outcomes. GWG was significantly less in older, married, more parous women, a finding consistent with the existing literature [19] , although in this sample this was offset by the fact that early pregnancy weight was much greater in multiparous than primiparous women (mean early pregnancy weight: primiparous = 78.2 kgs, parity ≥4 = 90.7 kgs). Being employed in a higher level occupation was associated with greater GWG, likely reflecting higher income and potentially easier access to high-fat, non-traditional foods.
In this study, second trimester (13-28 week) GWG was positively associated with risk of c-section and negatively associated with SGA. In an earlier study of European, non-obese women, second trimester weight gain had a greater impact on birthweight than either first or third trimester gain [22] ; each kilogram of weight gain during the second trimester was associated with a 32.8 g increase in birthweight, compared with 18.0 g/kg in the first trimester and 17.0 g/kg in the third. Many of the maternal physiological changes in the second trimester (uterus expansion, increasing blood supply, creation of fat stores) [23, 24] support later fetal growth, therefore lower second trimester gain may be synonymous with poorer physiological preparation of the mother to support the pregnancy and consequently SGA in the infant. Similarly, these same physiological insufficiencies in the mother may lead to complications that necessitate c-section, although the specific clinical indicators for c-sections in this sample were not documented. Third trimester GWG (28-40 weeks), and not second trimester gain, was positively associated with risk of a LGA baby in this study. This is in line with third trimester nutritional intake (reflected in gestational weight gain) being largely directed toward the fetus as it undergoes the most rapid period of in utero weight and fat gain [25] . Equally, the third trimester gain may directly represent the additional growth of the fetus, which would need to be confirmed with ultrasound fetal size monitoring. It is important to recognize, however, that these documented relationships between GWG and infant size may not be causal. Both predictor and outcome may be linked to other pregnancy conditions (GDM, pre-eclampsia) which were not documented here.
Several prior studies have examined the association between excess GWG and offspring obesity risk, and a recent systematic review concluded that excess GWG does increase offspring obesity risk [26] . Our analyses do not support the association between GWG and offspring overweight/obesity risk. Instead we found that maternal early pregnancy weight (consistent with prior literature) and infant birthweight were the significant predictors of overweight/obesity at 12 months of age. This is, however, one of the first studies to explore offspring obesity very early in life, other studies have focused on children two years or older [26] and it may be that this association does not appear until later in life. Additionally, because of high maternal BMI it may be more difficult to detect the effects of GWG variation on offspring obesity.
This study had several limitations. Firstly, the analysis sample was limited to those for whom gestational dating and pregnancy weight data were available. Secondly, as women tended to enroll in prenatal care later in pregnancy our mixed-effects model of GWG was limited by the lack of data before 13 weeks, resulting in the need to constrain weight gain between 13 and 18 weeks to be linear. Biologically, weight gain is unlikely to be linear during any period of gestation, however the model residuals showed a good model fit, with residuals for 13-18 weeks no greater than for any other period of gestation. Thirdly, our two-step approach, using the model estimates in secondary analyses, potentially increased type I error in the secondary models. Although it was possible to fit our growth model and relate the parameters to some distal outcome in a one-step approach this was not done because the parameters of the restricted cubic spline are not easily interpretable. Lastly, height was not commonly recorded in the prenatal records, so we were only able to calculate BMI in 200 of the 632 women. Sensitivity analyses, however, indicated that the study outcomes would have been the same but the influence of BMI vs. weight alone should be examined in future studies. In the future, recording height and BMI in prenatal care records in American Samoa would be beneficial to allow clinicians to give appropriate guidance for weight gain during pregnancy.
Conclusions
The high levels of pregnancy obesity and excessive GWG reported here suggest that it is important for physicians in American Samoa and those treating Samoan populations across the Asia-Pacific to educate women about appropriate gestational weight gain. Attention should also be paid to pre-pregnancy BMI and advice given to women about appropriate pre-conception weight status.
